a b s t r a c t
Optical transmission measurements were performed on high quality bulk gallium nitride (GaN) crystals grown by sodium flux, hydride vapor phase epitaxy, and the ammonothermal method with varying free electron concentrations ranging from 4 Â 10 16 cm À 3 to 9 Â 10 18 cm
. The quality of the crystals was analyzed by x-ray diffraction, threading dislocation density determination, impurity concentrations, and Hall mobility measurements. The sub-bandgap absorption coefficient and index of refraction was determined based on illumination wavelengths ranging from 360 nm to 800 nm. Phonon-assisted free carrier absorption was determined to be the dominant absorption mechanism above approximately 0.1 cm . The ammonothermal GaN samples exhibited a strong defect related onset of absorption above 2.9 eV which can be explained by the presence of appreciable hydrogenated gallium vacancies having defect states close to the valance band within the electric bandgap of GaN. The presence of hydrogenated gallium vacancies was experimentally confirmed by Fourier transform infrared absorbance measurements and double hydrogenated gallium vacancy defect are speculated to be prominent in ammonothermal GaN.
& 2015 Elsevier B.V. All rights reserved.
Introduction
The wide bandgap semiconductor gallium nitride (GaN) is used for numerous electronic applications, though notably for optoelectronic devices such as visible light emitting diodes (LEDs) and lasers operating at wavelengths of 450 nm or longer. Improvements to device performance can be made by reducing defects in the epitaxial layers by growing on high quality, native substrates. Understanding absorption losses of sub-bandgap visible light passing through high quality GaN substrates is important to optimize the optoelectronic structure.
In addition to its importance for optoelectronic devices, subbandgap absorption is a sensitive indicator of semiconductor material quality and free electron concentration. A basic understanding of the sub-bandgap absorption behavior of GaN for wavelengths between 360 nm and 800 nm can be gleaned from the few existing reports which performed optical absorption measurements on epitaxial GaN films grown on sapphire substrates using photothermal deflection spectroscopy (PDS) [1] [2] [3] [4] , and optical transmission method [5] , along with a few isolated measurements using optical transmission measurements on bulk GaN crystals grown by the ammonothermal method [6] or hydride vapor phase epitaxy (HVPE) [7] . No report was found which systematically investigated the dependence of sub-bandgap absorption of high quality, bulk GaN crystals on free electron concentration (FEC).
In this paper, we report on the variation of the absorption coefficient and refractive index between 360 nm and 800 nm for n-type bulk GaN crystals grown by the ammonothermal method, HVPE and sodium flux (Na-flux) method using the optical transmission method. Their dependence on FEC varying between 4 Â 10 16 cm À 3 to 9 Â 10 18 cm À 3 and material quality is analyzed.
Hall mobility was determined as a function of FEC on the bulk crystals and compared to anticipated values given existing experimental and computational data.
Experimental procedure
Five c-plane oriented, oxygen doped HVPE bulk GaN crystals were grown by Mitsubishi Chemical Corporation (MCC) [8] .
Ammonothermal bulk GaN was grown at UCSB in a silver capsule system on a HVPE bulk GaN crystal grown by MCC [9] . Use of a silver capsule system reduced transition metal impurities coming from the autoclave walls in the GaN crystals by one to two orders of magnitude, as verified by manganese concentrations being below detection limit (without silver capsule system [Mn] $ low 10 18 cm À 3
). Sodium was intentionally added to the ammonothermal growth environment to enhance solubility of GaN into solution. The resulting 4 mm thick boule was cut using a wire saw to remove the seed crystal yielding two c-plane oriented crystals, one from the Ga-face growth along [0001] and one from the Nface growth along [000-1].
Na-flux GaN was grown at Osaka University [10] on a c-plane oriented sapphire substrate which was removed. Despite the use of Na in the flux material, it did not detectibly incorporate into the crystal, as verified by sodium impurities levels being below detection limit.
All crystals part of this study were planarized to ensure the optically transversed crystal surfaces were parallel to each other. The HVPE and Na-Flux GaN crystals were polished on one side to an epitaxial smooth finish using chemical-mechanical polish (CMP), while the back side and both sides of the ammonothermal GaN crystals were polished to be optically smooth without any observable scratches using differential interference contrast microscopy (DICM), secondary electron microscopy (SEM), or cathodoluminescence (CL) measurements. The choice of c-plane crystals was deliberate to minimize anisotropic effects resulting from the birefringent wurtzite GaN crystals (space group P6 3 mc).
Optical absorption measurements were performed at room temperature (RT) by independently determining the reflectance R meas (12.5°angle of incidence) and transmittance T meas (normal incidence) of each sample using a Cary 500 UV-vis-NIR spectrophotometer for unpolarized light with wavelengths ranging between 360 nm and 800 nm. The absorption coefficient, α, and reflection coefficient, R, were determined by solving two coupled equations [11] which account for multiple internal reflections within the sample, T meas ¼
and
wherein t is the sample thickness. Given the accuracy of the experimental setup, only the reflection from the first traversed interface (air to GaN) and the transmitted portion of the attenuated beam which reflected off the second interface (GaN to air) were included in the calculations (see also insert in Fig. 6 ). The refractive index n was determined assuming normal incidence and
Carrier type, concentration and Hall mobility were determined at RT using a Lakeshore 7504 Hall effect system. Crystal quality was characterized by high resolution x-ray diffraction (HRXRD) and measuring the full width at half maximum (FWHM) of the omega rocking curve (ω-XRC) for the on-axis (0002) and off-axis (11-22) Bragg plans using a nominal spot size of 10 mm Â 1 mm. Impurity concentrations for the ammonothermal samples were measured using secondary ion mass spectrometry (SIMS) using a Physical Electronics 6650 Dynamic SIMS. Optical absorbance measurements between 3000 cm À 1 and 3500 cm À 1 were performed using Fourier transform infrared spectroscopy (FTIR) using a Nicolet Magna 850 FTIR spectrometer. Threading dislocation densities (TDD) were determined using CL measurements. In all presented figures, all samples are color coded and corresponding colors correspond to the same sample. Table 1 summarizes the values determined for the FWHM of the ω-XRC measured using HRXRD, TDD measured using CL and impurity concentrations measured using SIMS for the investigated samples. Fig. 1 has an anomalously low Hall mobility, presumably due to unknown defects within the crystal, while the highest FEC sample was grown using lateral epitaxy overgrowth (LEO) methods, providing additional scattering interfaces in the coalescence regions. The Ga-face ammonothermal sample is inferior to the N-face growth due to nucleation challenges resulting in more pronounced columnar growth, as indicated by the higher on-and offaxis x-ray rocking curve width and a poor mobility of 5 cm 2 /V s, as compared to 69 710 cm 2 /V s for the N-face growth. The samples exhibited marked variations in impurity incorporation between wing and seeded growth regions. The optically investigated region, though, was more uniform and exhibited a smaller spread in [Na] variation ( $ mid 10 17 cm À 3 ) and was comparable to the HVPE samples. Sub-bandgap optical absorption measurements were performed and are summarized in Fig. 3 . The trace is characterized by a minimum in absorption for photon energies between 1.8 and 2.1 eV and a pronounced onset of absorption near 2.9 eV for the ammonothermal samples and 3.2 eV for all other samples. A clear, linear increase in absorption coefficient at 450 nm is found with increasing FEC as is also shown in Fig. 4 which compares well with an existing study on the increase in absorption coefficient at 450 nm with increasing oxygen doping for ammonothermal GaN [16] . Table 1 Summary of various crystal quality metrics for investigated samples grown using different growth techniques. The Na-Flux and ammonothermal GaN crystals were unintentionally doped with oxygen, whereas HVPE GaN was intentionally doped with oxygen. All other impurities are unintentional.
Results and discussion

Sample
FWHM of ω-XRC (arcsec) TDD (cm À 2 ) Impurity concentration levels (cm Notes: a indicates typical values, not explicitly evaluated for sample under investigation. Impurities: Na-flux values from Ref. [14] , ammonothermal GaN from Ref. [9] , only one HVPE sample was analyzed. TDD for ammonothermal GaN based on HVPE seed TDD density.
While direct free electron absorption should be insignificant in n-type GaN due to dipole forbidden transitions of free electrons to the second conduction band situated 2.5 eV above the conduction band minimum and a lack of hole states available in the relevant energy ranges, it is possible that an indirect, phonon-assisted process is occurring and significantly contributing to the optical losses. For electrons residing in the conduction band of GaN, this would require the simultaneous absorption of a photon and a phonon of the proper energy to cause an intraband transition (see also Fig. 2 ). Holes residing in the valence band can undergo both an indirect intra-or interband transition, though these contributions will be small for the investigated n-type GaN samples. In Figs. 3 and 4 , the dashed lines represent the anticipated contribution to the optical absorption coefficient from phononassisted free carrier absorption calculated from first-principles [17, 18] for the indicated FECs at RT.
Excellent agreement is provided for all but the lowest FEC samples, suggesting phonon-assisted free carrier absorption is the dominant absorption loss mechanism above FEC of 1 Â 10 17 cm 2.1 eV suggesting defects, consistent with the low mobility of the sample. Close to the absorption edge, from 3.0 to 3.2 eV, an absorption tail is found in all Na-flux and HVPE grown samples yielding higher absorption than expected just from free carriers. This is indicative of defects, or possibly an Urbach tail, as would be anticipated given finite TDDs. Both ammonothermal samples show a strong increase in absorption above 2.9 eV, most likely due to defects or their nonuniform distribution. As the FEC and measured impurities of the ammonothermal and HVPE grown samples are comparable, the most likely source for the strong onset of absorption is a defect related state in the ammonothermal samples. A possible explanation for the observed shift in absorption edge for the ammonothermal GaN can be found by analyzing the refractive index traces (Fig. 5) , measured reflectance in proximity of the band edge (Fig. 6) , and performing FTIR absorbance measurements.
The measured refractive index is compared to a one-Sellmeierterm fit [19] and a two-Sellmeier-term fit for the ordinary refractive index (n O ) [20] with good agreement within accuracy of the experimental setup providing confidence in the accuracy of the performed absorption measurements. The reflectance measurements yielded a minimum at 373.2 nm for the Na-flux, between 372.9 and 373.6 nm for the HVPE, 399 nm for the N-face and 411 nm for the Ga-face ammonothermal GaN. If the measured traces are shifted to shorter wavelengths by the difference in reflectance minimum position, the ammonothermal GaN behaves similar to the other GaN samples with regards to the refractive index and reflectance measurements. This suggests defect states close to the valance band.
FTIR absorbance analysis of the Ga-face ammonothermal GaN exhibited pronounced absorption peaks at various frequencies between 3150 and 3220 cm À 1 (see Fig. 7 ), while no absorbance was found in the same range for three analyzed HVPE samples of comparable crystal quality not part of this study with FECs ranging between 1.3 Â 10 17 cm À 3 and 6.5 Â 10 17 cm
. Absorption in this frequency range can be attributed to gallium vacancies hydrogenated with a varying number of hydrogen atoms (V Ga H 2 À ; [21, 22] though absorption from hydrogenated gallium vacancy oxygen complexes (V Ga O N ) cannot be ruled out. The determined absorbance peak positions were comparable to those found for other ammonothermal samples [23, 24] though their differing intensity profiles suggests the presence of at least two different types of hydrogenated vacancy defects. Positron annihilation of ammonothermal GaN provides additional evidence of the presence of hydrogenated gallium vacancies in ammonothermal GaN [24] . Given comparable impurity concentrations, excluding [O] , between the HVPE and ammonothermal GaN samples, it is therefore suggested that hydrogenated gallium vacancies are the primary cause of strong defect related absorption at 2.8-3.3 eV. High levels of oxygen in the samples may form an impurity band which merges with the conduction band [25] . However, the O impurity band is unlikely to cause the observed absorption at 2.9 eV in the ammonothermal samples given the isolated oxygen defect level is only $ 0.08 eV below the conduction band.
Deep level optical spectroscopy and deep level transient spectroscopy performed on hydrogenated metal organic chemical vapor deposition GaN yielded observed defect energy levels of 2.64, 2.74, and 2.80 eV below the conduction band with tentative assignments to V [27] . This would suggest double hydrogenated gallium vacancy as the most likely point defect present with appreciable concentration in ammonothermal samples.
Conclusions
In summary, free carrier dependent sub-bandgap optical absorption of bulk GaN crystals grown by Na-Flux, HVPE, and ammonothermal were characterized. The sub-bandgap absorption appears to be dominated by phonon-assisted free carrier absorption and a linear relationship between FEC ranging from 1 Â 10 17 cm À 3 to 9 Â 10 18 cm À 3 on the absorption coefficient ranging from 0.11 cm À 1 to 5.2 cm À 1 is found. The ammonothermal samples, while comparable in impurity concentrations, TDD, and crystal quality, exhibited strong defect related absorption above 2.9 eV, presumably due to a high concentration of double hydrogenated gallium vacancies which have defect states close to the valence band in the bandgap. 
